In this paper we present results of a global resource assessment for geothermal energy within deep aquifers for direct heat utilization. Greenhouse heating, spatial heating, and spatial cooling are considered in this assessment. We derive subsurface temperatures from geophysical data and apply a volumetric heat-in-place method to improve current global geothermal resource base estimates for direct heat applications. The amount of thermal energy stored within aquifers depends on the Earth's heat flow, aquifer volume, and thermal properties. We assess the thermal energy available by estimating subsurface temperatures up to a depth of three kilometer depending on aquifer thickness. The distribution of geothermal resources is displayed in a series of maps and the depth of the minimum production temperature is used as an indicator of performance and technical feasibility. Suitable aquifers underlay 16% of the Earth's land surface and store an estimated 4·10 5 to 5·10 6 EJ that could theoretically be used for direct heat applications. Even with a conservative recovery factor of 1% and an assumed lifetime of 30 years, the annual recoverable geothermal energy is in the same order as the world final energy consumption of 363.5 EJ yr −1
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In this paper we present results of a global resource assessment for geothermal energy within deep aquifers for direct heat utilization. Greenhouse heating, spatial heating, and spatial cooling are considered in this assessment. We derive subsurface temperatures from geophysical data and apply a volumetric heat-in-place method to improve current global geothermal resource base estimates for direct heat applications. The amount of thermal energy stored within aquifers depends on the Earth's heat flow, aquifer volume, and thermal properties. We assess the thermal energy available by estimating subsurface temperatures up to a depth of three kilometer depending on aquifer thickness. The distribution of geothermal resources is displayed in a series of maps and the depth of the minimum production temperature is used as an indicator of performance and technical feasibility. Suitable aquifers underlay 16% of the Earth's land surface and store an estimated 4·10 5 to 5·10 6 EJ that could theoretically be used for direct heat applications. Even with a conservative recovery factor of 1% and an assumed lifetime of 30 years, the annual recoverable geothermal energy is in the same order as the world final energy consumption of 363.5 EJ yr −1
. Although the amount of geothermal energy stored in aquifers is vast, geothermal direct heat applications are currently underdeveloped with less than one thousandth of their technical potential used.
Introduction

Background
Geothermal energy is heat that is stored in the subsurface and is a renewable resource that can be sustainably exploited. Humans have had a long history of using geothermal energy for heating, cooking, and bathing [1, 2] . In 1904, in the Lardarello area in Tuscany, Italy, the beginning of a new geothermal era was marked by the first successful attempt to power a light bulb with electricity converted from geothermal heat (e.g. [2, 3] ). Today, electricity forms an essential part of modern life, but it is often overlooked that heat production accounts for more than half of the world final energy consumption [4] . Three quarters of this heat demand is currently met by fossil fuels [4] , causing a significant impact on climate and environment [5] .
Rationale and structure of the review
The key objective of this paper is to give an overview of low-enthalpy <°( 150 C) geothermal heat available in sedimentary aquifers suitable for direct utilization. An overview of the literature is given in Section 2, where we discuss geothermal energy in sedimentary aquifers, geothermal potential, production, installed capacity, and resource assessments. In Section 3, we present our global assessment of the geothermal resource base for direct heat. To quantify technical and theoretical potential, we apply a volumetric heat-in-place method. We explain how aquifer volume is derived and how associated subsurface temperatures are calculated using global geological and geophysical data sets. We estimate the geothermal potential for generalized direct heat and for common applications including greenhouse heating, spatial heating, and spatial cooling. We present our results in a series of maps that are made available online via a webGIS viewer: http:// thermogis.nl/worldviewer. We discuss our results in Section 3.3, before we arrive to the main conclusions in Section 4.
Literature review
Geothermal systems in deep aquifers
Deep > ( 100 m) geothermal aquifers are permeable layers of fluidbearing rocks. Part of the heat that flows from the Earth's internals to its surface is stored in these aquifers and can be used directly for heating and cooling. When subsurface temperatures are sufficiently high, the heat can also be used to generate electricity. Apart from elevated temperatures in the subsurface, geothermal aquifers require high permeability to sustain flow rates that allow efficient transport of warm water from the aquifer to the surface. Sufficient permeability can occur naturally or it can be enhanced by stimulating the aquifer. Breede et al. [6] , Olasolo et al. [7] and Lu [8] provide comprehensive reviews of existing enhanced geothermal systems including reservoir stimulation techniques that have been applied.
Similar to other deep subsurface activities that change temperature and pressure conditions in and around a reservoir, there is a small risk that geothermal activities cause mechanical failure of rocks and faults that could lead to seismicity [9] . To maintain public support for geothermal energy projects it is vital to prevent and minimize induced seismicity. Safe drilling, stimulation, and plant operation require sufficient understanding of subsurface structures and stress regime [10] . Gaucher et al. [11] review approaches to forecast induced seismicity, especially relevant for geothermal projects where faults are the main target for permeability or where reservoir stimulation is used to increase permeability.
Typical geothermal systems for direct heat consist of two or more wells: hot water is produced by production wells, while injection wells are used to re-inject the water after heat has been extracted. Re-injection is applied to preserve aquifer pressure allowing sustainable production and to prevent environmental contamination at the surface from geothermal fluids [12, 13] . The cold water front created at the end of the re-injection well slowly migrates to the area of the production well, which eventually leads to thermal break-through. This severely reduces the efficiency of the geothermal system and marks the end of its lifetime (e.g. [14] ). For doublet lifetime, it is important to consider well spacing [15] and the anisotropy of aquifer permeability [16] . The welllayout of most systems is designed to produce energy efficiently for a period of at least 30 years. Geothermal systems have been producing from the Dogger limestone aquifers in the Paris basin in France since the 1970's, which proves that lifetimes of 30 years or more are feasible [17] . Axelsson [18] lists other examples of sustained geothermal production, including a low-enthalpy system in Iceland that has been operational since the 1930's.
Lifetimes of geothermal systems can be extended up to 100 years by drilling new production and injection wells [19, 20] or by optimizing production to a more sustainable rate (e.g. [21] ). Compared to fossil fuel-based energy systems, geothermal energy systems are considered renewable since the time it takes to replenish 95% of the extracted heat is in the same order as the lifetime of the system [22] . Apart from technical and economical indicators, sustainability of geothermal energy can be assessed in a broader way, taking into account impact on environment and society [23] . Life cycle assessments show that geothermal energy plants have a significantly lower environmental footprint than fossil fuel-based plants [24] [25] [26] and that they are competitive with other forms of renewable energy [27] .
Geothermal potential, production and installed capacity
In 2016, installed geothermal capacity for direct heat was 20.6 GW (equivalent electric power) [28, 29] , while installed geothermal capacity for electricity generation was 13.5 GW [30, 31, 29] . To date, the contribution of geothermal energy systems to the total energy mix has been limited: 0.15% or 0.565 EJ yr . By 2050, the International Energy Agency (IEA) [33] estimate geothermal production to be 5.8 EJ yr −1 for heat (3.9% of projected world final energy for heat) and 1400 TW h yr −1 for electricity (3.5% of projected world electricity production). In total, this production could avoid emission of almost 900 Mt yr −1 of CO 2 [34, 33] . Goldstein et al.
[35] project a 27-fold increase of current geothermal heat production to 7.8 EJ yr −1 in 2050.
One of the main causes for the large mismatch between potential estimates and developed geothermal resources has to be sought in high up-front costs for drilling wells and associated financial risks related to geological uncertainties (e.g. [36, 37] ). During the exploration phase of a geothermal project, significant investments are required to de-risk prospects and to investigate their technical and economic feasibility. Drilling costs of a geothermal exploration well can easily comprise 15% of the total capital costs (CAPEX) [33, 38] .
Geological uncertainties and financial risks make it difficult for project developers to raise capital and to obtain insurance contracts [4] . Decentralized production of geothermal heat and the lack of uniformity among geothermal projects complicate governmental support policies to remove financial barriers (e.g. tax incentives and feed-in-tariffs for renewable energy or guarantee schemes for geothermal projects [39] ) and non-financial barriers (e.g. adjusting regulation and legislation) (e.g [40, 41] ).
Geothermal resource assessments
Soaring prices of fossil fuels caused by the oil-crises of 1973 and 1979 stimulated research to quantify the potential of alternative energy sources including geothermal energy. The United States Geological Survey (USGS) developed a volumetric heat-in-place method [42, 43] , which has been used to estimate geothermal resources for global and regional and assessments (e.g. [32, [44] [45] [46] ). For this method, the area or region below the Earth's surface is divided into separate volumes. For each volume, the thermal energy in place (heat in place) is estimated based on measured or modelled subsurface temperatures.
Estimating the heat in place is straightforward, but it is more difficult to delimit the share that is technically producible. To direct this issue, it is common to apply an average value for the recovery factor to obtain the technical potential (e.g. [47] ). However, little data are available on actual recovery factors, making it hard to assess whether a chosen recovery factor is realistic and appropriate for resource assessments of individual basins or entire regions [48] . More realistic recovery factors are used when data on location-specific aquifer permeability and temperature are available. For areas without any prior information or for global-scale assessments, a low recovery factor of is more appropriate [43, 48] . A conservative recovery factor may lead to significant local underestimations, especially for well-explored and developed geo-ther-mal areas [43, 48] . These are likely compensated by overestimation of the geothermal potential in parts of the world that have not yet been explored for geo-resources.
One of the main challenges for all resource assessments is uncertainty quantification, especially when dealing with geological data. Volumetric resource assessments are therefore often combined with probabilistic methods like the Monte-Carlo method (e.g. [36, 49] ). Multiple model runs yield a probability distribution of the potential, by allowing variation in parameters. It is crucial not to be overly restrictive with the ranges of allowed parameter variation and to include nonlikely scenarios, since not all parameters will follow a Gaussian distribution [48, 50] . Uncertainty quantification for a global geothermal resource assessment is challenging because it requires assumptions on suitable ranges for parameters that can show a strong spatial variation and that depend on local unknown geological conditions.
Global geothermal resource base for direct heat in deep aquifers
This section is used to describe the method we use for our resource assessment and to present the results. A global overview of the resource base for direct heat applications is given and the spatial distribution of geothermal potential is presented in a series of maps. Following, we compare these results with other studies and discuss the limitations of our work.
Methodology
Aquifer thickness and volume
In general, permeability of sedimentary rocks decreases with depth. This is caused by the decline in porosity, described by mechanical compaction models like Athy's law [51] . For this study, we assume a conservative fixed porosity of 15% throughout the whole aquifer. This value is representative for sedimentary formations with sandstone and shale ( Fig. 1 ) and is based on Athy's effective stress law adapted to burial loads (c.f. [52] ).
We base our aquifer thickness on a compilation of different global and regional data sets for sediment thickness. For Europe, we use the sedimentary thickness model from Tesauro et al. [53] while the model of Laske and Masters [54] (based on maps from the Exxon Production Research Company [55] ) is used for the rest of the world (Fig. 5 ). Values from these sedimentary thickness models are directly used as maximum depth of the aquifer z ( ) max . We choose to limit the maximum depth in this study to 3 km because the largest porosity reduction for siliciclastic sediments occurs within the first few kilometers ( Fig. 1) , making deeper geothermal production less feasible without stimulation. This depth limit is also dictated by economics because onshore drilling costs increase exponentially with depth (e.g. [56, 46] ).
Not all permeability in aquifers is related to primary porosity. Poreconnectivity and secondary porosity, such as fault-and fracture-related porosity can have a much stronger control on permeability. Most crystalline rocks or very tight shales and carbonates lack primary porosity, which restricts fluid flow to faults and fractures. Depending on geological conditions (e.g. [57, 58] ), it is possible to enhance aquifer properties with (hydraulic) stimulation [6] . In our study, we do not make a distinction between highly permeable or lowly permeable aquifers because data are scarce and only publically available for limited regions like the Netherlands [59] .
Aquifer temperature
In this section, we describe how we estimate aquifer temperatures. All geothermal systems have application-specific requirements for production temperatures and need different minimum flow rates to operate economically [60] . Temperature requirements for direct heat applications covered in our geothermal assessment are described in Section 3.1.3.
Rock thermal properties, lithosphere thickness, and heat transfer mechanisms control the heat flux through the Earth and cause most of the observed variation in subsurface temperatures. Conductive heat transfer is dominant within the Earth's lithosphere, while large-scale convective heat transfer is limited to tectonically and volcanically active areas. Regionally and locally, groundwater advection can have a strong impact on subsurface temperatures in the Earth's crust [61, 62] . As listed by Bierkens [63] , there are global hydrological models and data sets available for near-surface aquifers, but these do not extend to more than 100 m depth. The lack of global data on the hydrological and geothermal state of deep aquifers forces us to only consider vertical conductive heat transfer for this global assessment.
Eq. (1) shows how we calculate the maximum subsurface temperature from which we derive the geothermal gradient (See Table 2 for a list of all variables, symbols, and default values that were used in this paper):
For conduction-dominated regions, geothermal gradients can be estimated using both bulk thermal properties and lithosphere thickness (e.g. [64] ). Geothermal gradients at the maximum depths considered for this study (up to 3 km) are largely controlled by the surface heat flow Q ( ) 0 and thermal conductivity (k). We therefore neglect radiogenic heat production (A) because its contribution to the geothermal gradient is small. Fig. 2 shows that neglecting radiogenic heat generation has only minor effects on subsurface temperatures up to a depth of 3 km.
For thermal models, bulk thermal conductivity values are determined by laboratory measurements on rock samples or estimated by applying mixing rules to the thermal conductivity of the rock matrix and pore fluid (e.g. [65] ). To obtain a reliable bulk thermal conductivity depth profile, mechanical compaction (Section 3.1.1) and temperature dependence need to be taken into account (c.f. [52] ). For our global study, the use of these methods is severely limited without sufficient data from drill-cores or without information on in-situ geological conditions. Although bulk thermal conductivity can strongly affect geothermal gradients as shown in Fig. 2 , its variability is generally less than surface heat flow and radiogenic heat generation.
For our global subsurface temperature model, we assume a fixed bulk thermal conductivity of 2 Wm −1 K −1 as a base case for all aquifers and make use of publically available surface heat flow data (Fig. 6) . As a starting point, we use the surface heat flow model of Artemieva [66] . It is an improved interpolation of the original data set from Pollack et al. [67] and covers most of the continents at a resolution of 5°×5°.
For full map coverage, we use the global heat flow model from Davies [68] to fill the gaps. Models with higher resolution are used for Europe for areas with active volcanoes and a moderately elevated heat flow of 80 mW m −2 for regions that experienced Holocene volcanic activity [71] . Combining surface heat flow data with surface temperature data (Fig. 3) allows us to extrapolate subsurface temperatures to the required depths. For the surface temperature, we use annual continental mean surface temperatures recorded between 1950 and 2000 from the WorldClim Global Climate Database from Hijmans et al. [72] . We combine this data with the model of Kalnay et al. [73] for surface temperatures of Antarctica and with the model of Boyer et al. [74] for ocean surface temperatures. As reference level, we use the ETOPO1 elevation and bathymetry model (Fig. 4) 
Resource estimation
For our global geothermal resource assessment of direct heat, the total resource base is estimated, including both identified and undiscovered resources. We define the geothermal resource base as the aquifer volume with temperatures sufficiently high to meet the requirements for direct heat applications.
There are numerous non-electrical uses of geothermal energy [76] [77] [78] . For this study we use temperature requirements for generalized utilization of direct heat and for three common applications: greenhouse heating, spatial heating, and spatial cooling. We do not take into account the potential of heat that can be produced by ground source heat pumps or by cascade utilization of higher enthalpy geothermal systems [79] .
Each application requires a set of temperature conditions at the surface (minimum and maximum) and in the subsurface (minimum production and re-injection temperature) [60] . In Table 1 , the surface and subsurface temperature requirements are listed. The range of surface temperatures T ( ) 0 is restricted to −15°C and 15°C for greenhouse and spatial heating, while for spatial cooling only a minimum surface temperature of 15°C is required. For generalized direct utilization, minimum production temperatures T ( ) prod are obtained by adding 40°C to the surface temperature. Minimum re-injection temperatures T ( ) inj are found by adding 10°C to the surface temperature. The estimated temperatures from our global thermal model are used to find the minimum depth z min at which the required production temperatures for the earlier described applications are reached. The effective aquifer thickness h that can be theoretically used, is obtained by taking the difference between the depth of the minimum production temperature and the maximum depth z max (limited to a maximum of 3 km). The effective aquifer thickness is multiplied by the horizontal surface area of the grid cell, which yields the total effective aquifer volume. For our assessment we only consider areas with an aquifer thickness of more than 100 m.
Eq. (2) shows how the effective total aquifer volume can be translated into the theoretical capacity (heat in place H) with the use of a bulk heat capacity parameter γ (Eq. (3)):
The bulk heat capacity is defined by the density (ρ r and ρ w ) and heat capacity of aquifer rocks and fluids (C r and C w ) and the ratio between rocks and fluids, determined by aquifer porosity (ϕ). All geothermal gradients estimated in this study are linear, enabling the use of mean production temperatures for each vertical column of effective volumes. The heat in place that can be realistically exploited is limited by technical and economical conditions. These include surface and subsurface limitations, such as plant facilities and drilling technologies. Rybach [80] also defines two potentials that we did no consider in this study: the sustainable and developable potential. The sustainable potential is a fraction of the economical potential that can be utilized by applying sustainable production levels. The developable potential describes the fraction of the economic potential that can be developed under realistic 
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environmental, regulatory, and political limitations. Following the outcomes of earlier large-scale assessments (e.g. [43, 46] ) and recommendations from the review paper of Grant [48] , the technical potential is calculated as a fraction of the heat in place using a recovery factor UR of 1%. We further assume a system lifetime t of 30 years, yielding a technical potential that is 1/3000th of the heat in 
place (4) and (5).
Heat production sites are preferably located in or nearby areas where the heat is to be consumed. To better assess economic feasibility (e.g. [46, 49] ), the technical potential can be matched to the local heat demand [81] to obtain a matched potential. However, this requires global data on the spatial distribution of heat demand (e.g. [82] [83] [84] ) that is not yet available.
Results
Below we present the results of our geothermal potential assessment for generalized direct heat and for common applications including greenhouse heating, spatial heating, and spatial cooling.
Global heat flow and aquifer temperature
We present the results of the temperature model with two maps. The first map (Fig. 7) , showing the mean geothermal gradient within global aquifer systems, only reflects variation of the surface heat flow. The mean global heat flow for all continents and oceans from our heat flow compilation (Fig. 6) . High geothermal gradients are found in zones with high heat flow, most notably near active plate boundaries or other regions that have been tectonically and volcanically active.
The second map (Fig. 8) shows the maximum temperature within these aquifers, which depends both on the geothermal gradient and aquifer thickness. When aquifers are sufficiently thick, normal geothermal gradients (∼30°C km −1 ) lead to relatively high temperatures.
The Southern Permian Basin in Europe is an example of such a case. Thin aquifers with elevated geothermal gradients give a similar result, as can be seen in the thin aquifers surrounding the Baja California. The highest maximum temperatures are found in thick aquifers in regions with elevated geothermal gradients >°− ( 40 C km ) 1 such as the Pannonian Basin in Europe, the North African Basins, the foreland basins of the Himalaya, the East Java Basin, and basins in central and eastern Australia.
Global distribution of effective aquifer volume
In Table 3 we present the total effective aquifer volume for each direct heat application, based on the total surface area of suitable aquifers and their effective thickness. Total effective aquifer volume ranges between 4.0·10 6 km 3 for spatial heating to 22.8·10 6 km 3 for generalized direct heat applications. The large variation in volume is explained by the spatial variation in aquifer thickness (Fig. 5 ) and geothermal gradients (Fig. 7) , combined with application-specific temperature requirements (Table 1 ). ) is available for spatial cooling because a larger portion of the total aquifer volume is found at mid to low latitudes. An estimated 26% of the continental surface area underlain by aquifers and 12% of the total continental surface area are suitable for spatial cooling.
Spatial heating requires low surface temperatures in combination with high production temperatures. Low surface temperature are restricted to the high to middle latitudes, which limits usable aquifer volume compared to the other applications. For spatial heating, 7% of the continental surface underlain by aquifers or 3% of the total continental surface area is available. Greenhouse heating requires the same low surface temperatures as spatial heating, but does not need high production temperatures. The effective aquifer volume of 9.9·10 6 km 3 is Fig. 7 . Computed geothermal gradients in aquifers. Grey areas on the land surface indicate a sediment thickness less than 100 m and are not considered in this study.
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larger than for spatial heating, but is more restricted to higher latitudes. Regions suitable for greenhouse heating cover 13% of the continental surface underlain by aquifers or 6% of the total continental surface area.
Geothermal resource base
In the next series of maps (Figs. 9-16 ), we present the spatial distribution of the geothermal resource base in deep aquifers for direct heat. For each of the different applications, we present the technical potential and a qualitative performance indicator. The performance indicator maps give an indication of economic feasibility for each application by showing their attractiveness based on the minimum required production depth z ( ) min . Minimum production depths up to 600 m are considered excellent, up to 1200 m very good, up to 1800 m good, up to 2400 m moderate, and poor for more than 2400 m.
To show the impact of geological uncertainty on this resource assessment, we vary thermal conductivity with ± 0.25 Wm
. This has a strong effect on the geothermal gradient and determines the final estimates for the geothermal potential (see Table 3 ). A slight increase (+12.5%) of the thermal conductivity reduces the total aquifer technical potential with 25-33% depending on the application. Decreasing (−12.5%) thermal conductivity results in a 29-49% increase in technical potential. In the following paragraphs, we discuss the results of the case with a default thermal conductivity of 2 Wm
. The global technical potential for generalized direct heat (Fig. 9) is 52 TJ yr −1 km −2 . Since we did not use any surface temperature constraints for this case, the spatial distribution only reflects maximum aquifer temperatures (Fig. 8) . Potential economic feasibility based on minimum production depths is shown in Fig. 10 . We estimate a total 
Table 3
Overview of results including total available aquifer volume, surface area, coverage, heat in place, and technical potential. Total aquifer volume and surface area are based on the spatial distribution of effective aquifer thickness which depends on geothermal gradient, application-specific temperature requirements, and gross aquifer thickness. Coverage is expressed as a percentage of the total aquifer surface area of 70.5·10 6 km 2 and as a percentage of the total continental surface area of 149·10 6 km 2 . The heat in place and technical potential are calculated for each application and for three different thermal conductivities to show the impact of geological uncertainty on the resource assessment results.
Application
Total aquifer: (Table 3) . Fig. 11 shows the technical potential of the spatial cooling case with a global technical potential of 55 TJ yr −1 km −2 . Spatial cooling requires surface temperatures above 15°C, restricting the technical potential to lower latitudes close to the equator (Figs. 3, 11 ). Potential economic feasibility based on minimum production depths is shown in Fig. 12 . We estimate a total heat in place of 3.03 10 6 EJ and a technical potential of 1011 EJ yr −1 (Table 3) . requirements and mainly follows the surface temperature variation. Both greenhouse heating and spatial heating require surface temperatures below 15°C, more common at mid to high latitudes (Fig. 3) . For greenhouse heating, we obtain a total heat in place of 1.24·10 6 EJ and a technical potential of 413 EJ yr
. For spatial heating, we estimate a total heat in place of 0.56·10 6 EJ and a technical potential of 187 EJ yr −1 . The higher temperatures required for spatial heating (Table 1 ) result in a lower technical potential for spatial heating compared to greenhouse heating. This is also reflected in the potential economic feasibility maps that are based on minimum production depths (Figs. 14 and 16 ). In general, spatial heating requires larger depths to reach the required production temperatures. 
Discussion
Quantifying uncertainty for a global geothermal resource assessment is challenging because input parameters depend on poorly constrained geological conditions. This inhibits the use of probabilistic methods for this global geothermal resource assessment. Instead, we choose to vary the thermal conductivity to show the effect of geological uncertainty on resource base estimates.
The recovery factor of 1% that we apply could be too conservative for many well-studied basins in Europe and the USA. At the same time, we do not take into account terrain accessibility and population density. For example, it is technically possible to develop geothermal systems in deserts or arctic areas. However, without sufficient inhabitants a geothermal project is economically unfeasible because there is insufficient demand for heat. Limberger et al. [46] conducted a European resource assessment for electricity from enhanced geothermal systems. They showed that a combination of well-cost models with economic assumptions similar to recent market conditions leads to a further reduction of the resource base, yielding recovery factors of 0.1-0.2%. However, large part of these high temperature resources are also located deeper, lowering recovery factors significantly due to an exponential increase of drilling costs with depths over 4 km.
Our calculated mean global heat flow is in line with other studies [67, 85, 68] . Total heat flow through aquifers is estimated at 134 EJ yr −1 , which is in the same order of magnitude as the technical potential estimates given in Table 3 . This heat flow is sufficient to replenish the lost heat on a anthropogenic time-scale, even for the unlikely scenario where the total technical potential for the generalized case were to be utilized. Earlier estimates on global potential for continental geothermal resources were conducted by EPRI [86] . By extrapolating a fixed geothermal gradient of 25°C km-1 up to a depth of 3 km, assuming 15°C at the surface, they obtained a potential of 1.4·10 4 EJ yr
. This is approximately 10 times our estimate of the potential of generalized direct heat applications (Table 3) . This is to be expected since we only consider aquifers up to three km depth and apply a higher threshold for required production temperatures (Table 1 ). For our generalized case, this threshold temperature considerably limits the total available volume, down to 5% of the volume used by EPRI [86] . At the same time, our mean geothermal gradient of 32°C km −1 is higher than their fixed gradient of 25°C km −1 and our estimates are in the same range as the upper limit of 1400 EJ yr −1 given by the global assessment of Stefansson [32] . One of the main limitations of our study is the use of a fixed thermal conductivity for all aquifers. Differences in lithology, but also effects of burial and erosion have a large impact on the thermal conductivity of aquifers (e.g. [52] ). For all sedimentary rocks, we assume a fixed porosity and water as the only pore fluid. However, tight siliciclastic rocks, such as shales, typically lack large amounts of fluids. Furthermore, not all sedimentary formations are water-bearing. Some formations may contain mixtures of hydrocarbons, carbon-dioxode and water, or totally lack any fluids. As shown in Fig. 2 , a small difference in thermal conductivity can drastically change the geothermal gradient.
Aquifer thickness is another source of uncertainty because we rely on the global sediment thickness model from Laske and Masters [54] , largely derived from the tectonic map of the world compiled by the petroleum industry [55] . It is difficult to make a distinction between sediments and highly metamorphosed sediments based on density or velocity alone and without any constraints from wells or geophysical data. This can be a problem in old cratons and leads to over-and underestimates in aquifer volume and technical potential in areas such as the East European Craton and large parts of Australia and Africa.
Surface heat flow measurements can also have a large uncertainty. Heat flows are determined via a series of temperature measurements through a given interval. Thermal conductivity values are used to calculate the surface heat flow. In the best case, several thermal conductivity measurements are used for this calculation. Instead, it is common to only use single estimated value. It is also important to apply the appropriate corrections depending on where and how deep the measurements have been conducted. Powell et al. [87] and Beardsmore and Cull [88] review heat flow measurement methods and give a comprehensive list of corrections that should be applied including corrections for terrain and paleoclimate, transient geological processes such as sedimentation and erosion, and groundwater flow. As recently showed in a study by Kooi [62] , effects of deep groundwater flow are still poorly quantified and net-cooling effects could lead to a significant underestimation of the surface heat flow.
Our heat flow compilation largely consists of global data sets that are partly based on old measurements. Some of those measurements could be of questionable quality (e.g. [67] ). A large number of measurements lack an indication of data quality and information on the applied corrections. Another problem is the inhomogeneous distribution of heat flow measurements because measurements are typically conducted within regions that (possibly) contain geo-resources. Since hydrocarbon formation is generally restricted to sedimentary basins, there is a strong correlation between sedimentary basins (aquifers) and hydrocarbon exploration and exploitation. This makes data availability less of a problem for our aquifer assessment, but large uncertainties remain in underexplored regions such as Antarctica and Greenland.
A last, but vital requirement for geothermal development is heat demand. Since it is economically unfeasible to transfer heat over large distances, development of geothermal systems is restricted to urbanized and industrialized areas. The global economical and matched potential could therefore be significantly lower than our technical potential.
Conclusions
Given that only limited areas in the world have both sufficiently high geothermal gradients and suitable reservoirs to allow for geothermal electricity production, it is important to focus on low-enthalpy geothermal heat applications. This reviews shows that there is a large global geothermal resource base in sedimentary aquifers for direct heat use. With our method, we estimate a global geothermal resource base that ranges between 125 and 1793 EJ yr . Differences between the technical potential of greenhouse heating, spatial heating, and spatial cooling are explained by the spatial variation in aquifer thickness and geothermal gradients, combined with application-specific temperature requirements. From the three applications considered in this study, our results indicate that spatial cooling has the largest technical potential, followed by greenhouse heating and spatial heating. To obtain estimates for the economic potential and matched potential, global data on regional heat demand are needed.
There is an enormous potential for direct geothermal heat from aquifers: only 0.15% of the annual global final energy consumption is supplied by geothermal direct heat. The main causes for the large mismatch between potential and developed geothermal resources are high up-front costs for geothermal projects, decentralized production of geo-ther-mal heat, lack of uniformity among geothermal projects, geological uncertainties, and geotechnical risks. To increase the share of geothermal and other renewable heat sources, support policies are needed to remove financial and non-financial barriers.
Power of the International Energy Agency (IEA) [33] and via the web-GIS viewer: http://www.thermogis.nl/worldviewer.
